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FOREWORD
This is a progress report on the research project, "Analysis and Computation of
Internal Flow Field in a Scramjet Engine," for the period ended January 14, 1991. Special
attention during this period was directed to investigate "Radiative Interactions in Chemically
Reacting Supersonic Internal Flows." The work was supported by the NASA Langley
Research Center (Theoretical Flow Physics Branch of the Fluid Mechanics Division)
through the grant NAG-1-423. The grant was monitored by Drs. J.P. Drummond and A.

Kumar of FLDMD-Theoretical Flow Physics Branch.
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RADIATIVE INTERACTIONS IN CHEMICALLY REACTING SUPERSONIC
INTERNAL FLOWS

S. N. Tiwari and R. Chandrasekhar
Department of Mechanical Engineering and Mechanics

Old Dominion University, Norfolk, VA 23529-0247

ABSTRACT

The two-dimensional, elliptic Navier-Stokes equations are used to investigate supersonic
flows with finite-rate chemistry and radiation, for hydrogen-air systems. The chemistry source
term in the species equation is treated implicitly to alleviate the stiffness associated with fast
reactions. The explicit, unsplit MacCormack finite-difference scheme is used to advance the
governing equations in time, until convergence is achieved. The specific problem considered is
the premixed flow in a channel with a ten-degree compression ramp. Three different chemistry
models are used, accounting for increasing number of reactions and participating species. Two
chemistry models assume nitrogen as inert, while the third model accounts for nitrogen reactions
and NO, formation. The tangent slab approximation is used in the radiative flux formulation. A
pseudo-gray model is used to represent the absorption-emission characteristics of the participating
species. Results obtained for specific conditions indicate that the radiative interactions vary
substantially, depending on reactions involving HO, and NO species, and that this can have

a significant influence on the flowfield.
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NOMENCLATURE

band absorptance, m™!

band width parameter, m™1

concentration of the j*» species, kg — mole/m3

constant pressure speci fic heat, J/kg - K
correlation parameter, (N/mz)"lm‘l
total internal energy

Planck's function

mass fraction of j*® species

total enthalpy, J/kg

staticenthalpy, J/kg

thermal conductivity

backward rate constant

forward rate constant

pressure, N/m2

partial pressureof jB species

total radiative fluz

gas constant

integrated band intensity, (N/m?) ~lIm-?
temperature. K

velocity in z — and y — directions, m/s
production rate of jth species, kg/m3 - s
physical coordinates

ratioof specific heats

Planck mean absorption coef ficient

second coe f ficient of viscosity , wavelength
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§n

dynamicviscosity, kg/m — s
computational coordinates
density

Stefan — Boltzmann constant
shear stress

equivalenceratio

wave number, m~1

vii







INTRODUCTION

In recent years there has been a renewed interest in the development of a hypersonic
transatmospheric aerospace vehicle capable of flying at sub-orbital speeds. A hydrogen-fueled
supersonic combustion ramjet (scramjet) engine is a strong candidate for propelling such a
vehicle. For a better understanding of the complex flowfield in different regions of the engine,
both experimental and computational techniques are employed. Several computer programs have
been developed [1-4] and applied to gain more insight into the problem involving the flow in

the various sections of the scramjet module.

The combustion of hydrogen and air in the scramjet combustor results in absorbing-emitting
gases such as water vapor and hydroxyl radicals. Existence of such gases makes the study of
radiation heat transfer an important issue. There are several models available in the literature
to represent the absorption-emission characteristics of molecular gases [5-10]. One- and two-
dimensional radiative heat transfer equations for various flow and combustion related problems
are available [11-19). In earlier studies [16,18,19], both pseudo-gray and nongray gas models
were employed to evaluate radiative heat transfer for chemically reacting supersonic flow. Results
of both models were compared and the pseudo-gray model was found to be computationally

more efficient.

Considerable work has been carried out in the past decade to model the chemical kinetic
mechanism of the hydrogen-air system. A most complete model would involve some 60
reaction paths [20], rendering numerical solution very difficult, if not impossible. A two-
step chemistry model, has been used for computing supersonic combustion {4, 16, 18, 19].
This model has only four species and two reaction paths, and is useful for preliminary studies.
However, there are several limitations to this model, such as ignition-phase inaccuracy (i.e. a
much shqrter ignition delay) and also, overprediction of flame temperature and longer reaction
Atimes. Recent improvements in .this area include a 8-species, 14-reaction model [21] and a

9—species, 18-reaction model [2, 22]. While none of these aforementioned models account
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for nitrogen reactions (assuming nitrogen as inert), recent developments in this area include a
15-species, 35-reaction model which accounts for NOx formation and other nitrogen reactions
in the hydrogen-air system [22].

The objectives of the present study are to extend the radiative heat transfer formulation
used with the global two-step chemistry model (18, 19], to the more complete models namely
the 9-species, 18-reaction model as well as the 15-species, 35-reaction model. The effect of
radiative heat transfer in both transverse and streamwise directions is investigated. The finite-
difference method using the explicit, unsplit MacCormack scheme [23] is used to solve the
governing equations.

The flowfield in the combustor is represented by the Navier-Stokes equations and by the
appropriate species continuity equations 2, 3]. Incorporation of the finite-rate chemistry models
into the fluid dynamic equations can create a set of stiff differential equations. Stiffness is due to
a disparity in the time scales of the governing equations. In the time accurate solution, after the
fast transients have decayed and the solutions are changing slowly, taking a larger time step is
more efficient. But explicit methods still require small time steps to maintain stability. One way
around this problem is to use a fully implicit method. However, this requires the inversion of
a block multi-diagonal system of algebraic equations, which is also computationally expensive.
The use of a semi-implicit technique, suggested by several investigators [24-26], provides an
alternative to the above problems. This method treats the source term (which is the cause of the

stiffness) implicitly, and solves the remaining terms explicitly.

BASIC GOVERNING EQUATIONS
The physical model for analyzing the flowfield in a supersonic combustor is described by
the Navier-Stokes and species continuity equations. For two-dimensional flows, these equations

are expressed in physical coordinates as,
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where vectors U, F, G and H are written as,
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The viscous stress tensors in the F and G terms are given as,
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where X = —%u . The quantities qcx and qcy in the F and G terms are the components of

the conduction heat flux and are expressed as
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The molecular viscosity u is evaluated from the Sutherland’s formula. The total internal

energy E in Eq. (2) is given by

P u? + 02 -
E = -7 +—— + Zhjfj 4)
j=1

Specific relations are needed for the chemistry and radiative flux terms. These are discussed

in the following sections.

CHEMISTRY AND THERMODYNAMIC MODELS

Chemical reaction rate expressions are usually determined by summing the contributions
from each relevant reaction path to obtain the total rate of change of each species. Each path
is governed by a law of mass action expression in which the rate constants can be determined
from a temperature dependent Arrhenius expression. The reaction mechanism is expressed in

a general form as

ns , k’ ns "
Z"/ijcj = Zv,-,-c,- , i = 1l,nr (5)
j=1 St

where ns = number of species and nr = number of reactions. The chemistry source terms w; in
Eq. (1) are obtained, on a mass basis, by multiplying the molar changes and corresponding

molecular weight as

nr ns ,
wj = M;C; = M; ) (7.'-',- —72,-) [kf.» II CJ:"']
i=1 m=1 (6)

The reaction rate constants k¢; and kp; appearing in Egs. (5) and (6) are determined from

an Arrhenius rate expression as
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The coefficients A , N and E appearing in Eq. (7) are given in Table 1. The term An in

Eq. (9) denotes the difference in the number of moles of reactants and products.

The Gibbs energy term in Eq. (9) is calculated as

ns ns
AGp, = Z’Y.'jgi - Z‘Y.‘j!]i , ] =1Llnr (10
j=1 j=1
% - AT —inT)+ 2174 Cips
B e 6 (11)
j is g _
+T-2—T4+?23T + F; +G;T

The gas constant for the mixture is evaluated by a mass-weighted summation over all species

as

E = D fiR, (12)
1=1
P = pRT (13)

RADIATION TRANSFER MODEL

Evaluation of the energy equation presented in Eq. (1) requires an appropriate expression

for the radiative flux term, qr . Therefore, a suitable radiative transport model is needed.
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Various models are available in the literature to represent the absorption-emission characteristics
of the molecular species {10]. The equations of radiative transport are expressed generally in
integro-differential forms. The integration involves both the frequency spectrum and physical
coordinates. In many realistic three-dimensional physical problems, the complexity of the
radiative transport equations can be reduced by introduction of the tangent-slab approximation.
This approximation treats the gas layer as a one-dimensional slab in evaluation of the radiative
flux (Fig. 1).

Detailed derivations of radiative flux equations for gray as well as nongray radiation have
been carried out previously [15, 19]. For a multiband gaseous system, the nongray radiative
flux in the normal direction is expressed as

qr(y) = el—ez+ZAo.{/ [de“" ]

1=1

= |3 uy,
AfSey -] + (1)

et el

The information on the band absorptance A; and other quantities is available in the cited
references.
For a gray medium, the spectral absorption coefficient «., is independent of the wave

number, and an expression for the radiative flux is obtained as (5, 16, 19]

3 _3n(y~2)
qr(y) = e1 —e2 + -9-{/ [e(z) —e1]e™ " 7 kdz
L ’ (15)

sy-s

/ z) —eo]e T kdz}
y

It is computationally more efficient to use Eq. (15) in the general energy equation than Eq. ( 14).
This is because by differentiating Eq. (15) twice (using the Leibnitz formula) the integrals are

eliminated and the following inhomogenous ordinary differential equation is obtained :
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1 d%p(y) 9 _ 3de(y)

<2 dy2 IqR(y) - K dy

(16)

The solution of Eq. (16) requires two boundary conditions which are given for non-black

diffuse surfaces as [5]

d‘“*} =0 (17a)
y=0

(i-%)[(ﬁl(y)]y—o 3k | dy

1 1 dqr _
(g - 5) ler(W))y=r + 7 = [ ol B 0 (17b)

For black surfaces ¢; = ¢ =1 and Eqs. (17) reduce to simpler forms.

An appropriate model for a gray gas absorption coefficient is required in Egs. (15) —
(17). This is represented by the Planck mean absorption coefficient, which is expressed for a

multi-band system as [5, 19]

Z ewi(T)SIT (18)

K =Kkp =

a’T‘

It should be noted that xp is a function of the temperature and the partial pressures P; of

the species.

METHOD OF SOLUTION
The governing equations are transformed from the physical domain (x , y) to a computational
domain (¢ , n), using an algebraic grid generation technique similar to the one used by Smith
and Weigel [27]. In the computational domain, Eq. (1) is expressed as

a0 aF oG ~
v e 9= = 19
T + 3 + 7 + H 0 (19)

where ~ ~
U = UJ, F = Fy,— Gz,

G = Gzg—Fye, H=HJ (20)

J = Zeyn — YeTy






Once the temporal discretization has been performed, the resulting system is spatially differenced
using the explicit, unsplit MacCormack predictor-corrector scheme [23]. This results in a
spatially and temporally discrete, simultaneous system of equations at each grid point [25, 26].
Each simultaneous system is solved, subject to initial and boundary conditions, by using the
Householder technique [28, 29]. At the supersonic inflow boundary, all flow quantities are
specified as freestream conditions. At the supersonic outflow boundary, non-reflective boundary
conditions are used, i.e. all flow quantities are extrapolated from interior grid points. The upper
and lower boundaries are treated as solid walls. This implies a non-slip boundary condition (i.e.
zero velocities). The wall temperature and pressure are extrapolated from interior grid points.
Initial conditions are obtained by specifying freestream conditions throughout the flowfield. The
resulting set of equations is marched in time, until convergence is achieved. The details of the

radiative flux formulation and method of solution are available in [19].

RESULTS AND DISCUSSION

Based on the theory and computational procedures described previously, an algorithm has
been developed to solve the two-dimensional Navier-Stokes equations for chemically reacting and
radiating supersonic flows. The extent of radiative heat transfer in supersonic flows undergoing
hydrogen-air chemical reactions, has been investigated using three chemical kinetics models,
accounting for increasing number of reactions and participating species. For the temperature
range considered in this study, the important radiating species are OH, NO and H;O. The gray
gas formulations are based on the Planck mean absorption coefficient which accounts for the
detailed information on different molecular bands. The radiadve fluxes have been computed
using this ‘pseudo-gray’ formulation. The justification for using this model is provided in [19].
Important results for radiative effects of participating species and of chemical interactions were
presented at the 29™ Aerospécc Sciences Meeting in Reno, Nevada, January 7-10, 1991 (AIAA

Papers 91-0373 and 91-0572). These are provided in this report as Appendices A and B.
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The specific problem considered is the supersonic flow of premixed hydrogen and air
(stoichiometric equivalence ratio ¢ = 1.0 ) in a channel with a compression corner on the
lower boundary (Fig. 2). The physical dimensions considered for obtaining results are L = 2
cm., X3 = lem,, X3 =2cm., Lx = X; + X2 =3 cm. , and o = 10 degrees . The flow is ignited
by the shock from the compression corner. The inlet conditions which are representative of
scramjet operating conditions, are Py, = 1.0 atm., Toeo = 900 K and Mo, = 4.0. This same

flow has been computed by several CFD research groups [4, 18, 19, 21] as a benchmark case.

Figures 37 show the computed results using a 31 x 31 grid, for temperature and pressure
as well as H,O and OH species mass fractions. Figure 3 shows the flowfield contours for
temperature and pressure for the non-reacting (cold) case.The oblique shock is seen to arise
from the compression comner at the lower wall. The hottest regions in the flowfield are in
the upper and lower boundary layers. Figures 4 and 5 show the effect of the three chemistry
models on the temperature and pressure profiles, varying along x at the location y = 0.02
cm from the lower wall (boundary layer region). The temperatures in the boundary layer show
a gradual increase(Fig. 4). The pressure profiles are plotted at y = 0.13 ¢cm. (inviscid region)
and show a sharp increase due to the shock (Fig. 5). The ignition-phase inaccuracies of the
three chemistry models can be seen in Figs. 6 and 7. The shock is occurring after x / Lx =
0.3. However, the 2-step model predicts ignition before the shock (shorter ignition delay) due
to the high temperature in the boundary layer. On the other hand, the 18-step model predicts a
longer ignition delay, at x / Lx = 0.37 (Fig. 6). The 35-step model’s prediction of ignition delay
appears to be an average of the other two models. Although the three models do not differ much
in prediction of temperature and pressure profiles, they do differ significantly in predictions of

species productions (Figs. 6, 7).

In order to resolve this discrepancy, a grid sensitivity study was carried out to examine
whether the grid size affects the flow predictions. The results of three grid distributions 11 x

31,31 x 31 and 61 x 31 are shown in Fig. 8, and it appears that the 31 x 31 grid is
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sufficient for the present study.

The reason for the varying predictions of species production by the three models was further
examined and the results are shown in Figs. 9 and 10. Figure 9 shows that the Reaction No. 8
in Table 1 is critical in determining the extent of chemical heat release and H;O production.
Reaction No. 8 deals with production of HO; radical. This reaction is absent from the 2-step
model, while it is common to both the 18-step and 35-step models. Figure 9 shows that the
35-step model experiences nearly a 30% drop in temperature at the channel exit, when the rate of
Reaction No. 8 is reduced by a factor of 1000 (effectively cutting off the production of the HO;
radical). In contrast, the 18-step model shows a 15% drop in temperature, when subjected to the
same reduction in rate of Reaction No. 8. This shows that the Reaction No. 8 controls the overall

H,O production occurring in Reaction Nos. 9-18 (Table 1). Due to the high temperatures (
~ 3000 K) in the flowfield, there is a pool of highly reactive free radicals like H , O, etc. The
HO, radical is converted to the very reactive OH radical, by the free radicals (Reaction Nos.
11 and 12). This establishes the HO, radical as a very important species in promoting flame
propagation in hydrogen-air flames. A similar study has been carried out in {30]. Since the

2-step model does not have the HO, radical, it predicts lesser amounts of OH and H;O.

It was necessary to determine the reason for the higher sensitivity of the 35-step model to the
HO, radical, as compared to the 18-step model. Figure 10 shows that the Reaction Nos. 21 and
23 in Table 1 are critical in determining the extent of chemical heat release and H,O production.
Reaction Nos. 21 and 23 deal with production of the NO radical. These reactions are absent
from the 2-step and 18-step models, whereas they play an important role in the 35-step model.
Figure 10 shows that the 35-step model undergoes a 30% reduction in temperature, when the
rates of Reaction Nos. 21 and 23 are reduced by a factor of 1000 (effectively cutting off the
production of the NO radical). This is nearly the same reduction caused by reducing the rate of
Reaction No. § by a factor of 1000. Due to the high temperatures in the flowfield, the usually

inert nitrogen dissociates into the highly reactive N free radical. This free radical N is then
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oxidized in Reaction Nos. 21 and 23, thereby producing the NO radical. This NO radical
converts the HO, radical into the highly reactive OH radical, through Reaction No. 29. This
confirms that the NO radical is a very important species for flame propagation in a hydrogen-
fueled supersonic combustor. Since the 35-step model has the NO radical, it predicts higher

amounts of OH and H;O than the 18-step model.

Figures 11-13 describe flowfield contours affected by exothermic chemical reactions. Com-
parison of Figs. 3a and 11 shows that the boundary layer on the lower wall is considerably
thickened due to the heat release from chemical reaction. Figures 3b and 12 show that the
chemical reaction in the boundary layer causes the shock to get curved upwards, thereby in-
creasing the shock strength. In the case of the 35-step model (Fig. 12b), two weak shocks arise
from the channel entrance region. These could be responsible for some of the flow instabilities
observed in the figures. Figure 13 shows the computed H,O flame structure for the 2-step and
35-step models. The 35-step flame(Fig. 13b) appears to be stronger and undergoes a quenching

effect (discontinuity in the flame sheet) which is not observed in the 2—step flame.

Based on the above understanding of the chemical kinetics of supersonic hydrogen-air
flames, the radiative interactions were examined. Figure 14 shows the profiles of the normalized
streamwise radiative flux qgrx predicted by the three chemistry models, along the location y
= 0.02 cm. from the lower wall. The qrx flux reduces towards the end of the channel due
to cancellation of fluxes in positive and negative directions. It is seen from Fig. 14 that the
18-step and 35-step models predict significantly higher amounts (50% more and 100% more ,
respectively) of qgrx than the 2-step model. This is because radiative heat tranfer is a strong
function of temperature, pressure and species concentrations. So the larger values of radiative
fluxes are caused by higher amounts of H,O concentrations, which in turn, depend on reactions
involving HO, and NO species. Figure 15 shows the variations of the normal radiative flux
qry along x, at the location y = 0.02 cm. These do not appear to vary significantly between

the three chemistry models. However, in all three cases, the qry value increases rapidly after
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the shock.

Figures 1619 show the computed results for reacting flows with and without radiation, for
the three chemistry models. It is seen from that the 2-step model shows only slight effect of
radiative interaction, as compared to the 18—step and 35-step models. The 18-step and 35-step
models predict lower temperature and lower H,O and OH concentrations after the shock.
This is because of the qrx flux, which reduces the total energy. For reacting flows without
radiation, it was seen from Figs. 6 and 7 that the 18—step model had a longer ignition delay
(ignition at x / Lx = 0.37), while the 35-step model had a shorter ignition delay (ignition at
x / Lx = 0.27). Another effect of radiative interactions, seen in Fig. 18, is to nullify this
difference in predictions of ignition delay. For both 18-step and 35-step models, with radiation,
the ignition is seen to occur at the same point, x / Lx = 0.33. No such effect is seen on the

ignition characteristics of the 2-step model.

Comparison of results in Figs. 1619 shows that the 35-step model exhibits stronger effect
of radiative interactions, than the other two models. Accordingly, Figs. 20-22 show flowfield
contours affected by the 35-step chemistry model, as well as by radiation. It can be seen
from Figs. 11b and 20 that the effect of radiation is to lower the temperature after the shock
(cooling effect). Figures 12b and 21 show another effect of radiation — elimination of the two
weak shocks arising from the channel entrance. This is understood from Fig. 14, where the
qrx radiative flux is higher in the upstream region of the flow. Figures 13b and 22 show that
the radiative interactions enable the development of a continuous flame sheet, wherein the flame

quenching effect observed in Fig. 13b is nullified.

CONCLUSIONS

The two-dimensional, spatially elliptic Navier-Stokes equations have been used to obtain
solutions for supersonic flows undergoing finite-rate chemical reactions along with radiative

interactions. The specific problem considered is of the premixed flow in a channel with a ten-

12






degree compression ramp. The inlet conditions used in the present study correspond to typical
flow conditions of a scramjet engine. Three different chemistry models were used for parametric
studies, accounting for increasing number of reactions and participating species. It is seen that the
radiadve interactions vary significantly, depending particularly on chemical reactions involving
HO2 and NO species. These reactions have a substantial effect on the flowfield, with regard
to H,O concentration , temperature and pressure. Also, it is observed that the difference in
the ignition delays of two chemistry models invoving HO, reactions is nullified as a result
of radiative interaction. The results also show that the streamwise radiative flux reduces the
temperature and concentration of species. This effect is a strong function of the amount of H,0

species concentration.
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Table 1.

Hydrogen-Air Combustion Mechanism [22]

REACTION

A(moles)

N(em’)  B(cslorles/gm-mole)

¢¢  following reactions constituie the 1B-step moxlel  **

(1) O+ Hy = OH + OH

() O+ HesOH + O

(3) M3+ OH + HO + H

() HH1+ O OH+H

(5) OH+OH«~ H,0+ 0

6) H+OH+ M = H) O+ M
() H+H+M e Hy + M
RY H+ O+ Mees HO; 4 M
D) OH + HOj = 07 + H,0
(1) H+ HOy = Hy + O,

(11) H4+ HO3 & OH + OH
(12) O+ HO; &= Oy + OH
(13) HO 4 HOy o= Oy ¢+ HO4
(14) Hy + HOy s H + 11,0,
(13) OH + H 0Oy & H 0 + H),
(16) H + HyOp & H0 + OH
(17) O + HyO4 = OH + H(),
(8) MO + M = OH+OH + M

(19) M+ M QO+ O+ M

(20) N+ M N+ N+ M

(21) N+ 0; « O+ NO

(22) N+ NO = O+ Ny

(23) N+ OH = H + NO

(249) H+NO+ M HNO + M
(25) H + HNO «» H; + NO

(26) O + HNO «« OH + NO

(27) OH + HNO & H10 + NO
(28) HO3 + HNO s Hy()3 + NO
(29) HO; + NO « OH + NO,
(30) H 4+ NOj «+ OH + NO

(31) O+ NOjy = Oy + NO

A2) NO; + Mes O+ NO + M
(33) M+ OH + NO « HNOy + M
(34) M + OH + NO; « HNOy + M
(35) Ot + HNO; & H)O + N()

*®

(") H1+ Oy 0 204
(2°) 20H + Hy « 2 1,0

1,70 x 10V
1.42 x 10"
316 x 107
207 x 10"
5.50 x 10"
221 x 107!
6.5) x 10"
320 x 10"t
5.00 x 109
2.51x 109
1.99 x 10"
5.00 x 10"
1.99 x 10"
301 x 10"
1.02 x 10"
S.00 x 10M
1.99 x 10"}
1.21 x 10"

275 2 10"
3.70 x 10
6.40 x 10°
1.60 x 10"
6.30 x 10"
5.40 x 10!
480 x 10"
5.00 x 10"
3.60 x 10"
2.0n x 10"
343 x 101
3.50 x 10"
1.00 x 10"
1.16 x 10'8
$.60 x 10"
3.00 x 10"
1.60 x t0'?

following reactions consutute the global

1.4 x 107
2.50x 10™

48150
16400
3030
13750
7000
0
0
0
1000
700
1800
1000

18700
1900
10000
5900
45500

il
- -
oooooocoo=-°=°0oaoo

remaining reactions complete the 35-step model  **

—10 118700
—1.6 225000
1.0 6300
0

05

A
QDOO%OQ

—260
1500
600
66000

—1700

—3800
o

> NoNoNoNoNoRo - N - R R

2-step model (4, 16, 18, 19]  **

—100 4865
—130 42500
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RADIATIVE INTERACTIONS IN A HYDROGEN-FUELED SUPERSONIC COMBUSTOR

R. Chandrasekhar® and S. N. Tiwarit
Old Dominion University, Norfolk, VA 23529-0247

and

J. P. Drummond?
NASA-Langley Research Center, Hampion, VA 23665

Abstract

The two-dimensional, elliplic Navier-Stokes equa-
tions are used o invesligale supersonic flows with
finite-rate chemistry and radiation, for hydrogen-air
systems.  The chemistry source term in the spccics
cquation is treated implicitly to alleviate the stiffncss
associated with fast reactions. The explicit, unsplit
MacCormack finite-difference scheme is used o ad-
vance the goveming equations in Llime, uniil conver-
gence is achieved. The specific problem considered is
the premixed flow in a channel with a ten-degree com-
pression ramp. Three different chemistry models are
used, accounting for increasing number of reactions
and participating specics.  ‘Two chemistry models as-
sume nitrogen as inert, while the third mode! accounts
for nitrogen reactions and NQ, formation. The tan-
gent slab approximation is used in the radiative flux
formulation. A pseudo-gray model is used 1o repre-
scnt the absorption-emission characteristics of the par-
ticipating species. Results obtained for specific condi-
tions indicate that the radiative inleractions vary sub-
stantially, depending on reactions involving HO, and
NO species, and that this can have a significant influ-
ence on the flowficld.

Nomenclature
A band absorptance, m—!
Ay band widlh parameter, m=!
concentrationof the j** species, ky—role/md
constant pressure specific heat, J kg — ¥
o correlution parameter (N/m"')—lm‘l
E total internal energy
e, Planck’s function
Ji mass fraction of j** species
1 total enthalpy, J/kg
e static enthalpy, J/ky
k thermal conductivity

* Graduate Research Assistant, Department of Me-
chanical Engincering and Mcchanics. Student Member
AlAA.

T Emincat Professor, Department of Mcchanical Engi-
neering and Mcechanics. Associate Fellow AJAA.

$ Senior Research Scientist, Theoretical Flow Physics
Branch, Fluid Mechanics Division. Associate Fellow
AlAA,

Copyright © 1990 by the American Institute of Acro-
nautics and Astronautics, Inc. All rights reserved.

ky  backward rate constant

k;  forward rate constant

P pressure, N/m?

P;  partial pressure of j** species

gn total radiutive flus

It gas constant

S integrated band intensity, (Nfm?)~ Lot
T lemperature, K

u, v velocity in r — and y — directions, m/s
w; production rate of j** species, kg/n® — s
z, y physical coordinates

Y ratioof specific heats

Ky Planck anean absorplion coc f ficient

A second coef ficient of viscosily | warvile ngth
u  dynamic viscosity , kgfm — s

&, m computational coordinates

P density

g Stefan — Boltzmann constant
T shear stress

¢  equivalence ralio

w

wave number, 1n~!

Introduction

In recent years there has been a renewed
interest in the development of a hypersonic transat-
mospheric acrospace vehicle capable of flying at sub-
orbital speeds. A hydrogen-fucled supersonic combus-
tion ramjet (scramjet) enginc is a strong candidate for
propelling such a vehicle. For a better understnding
of the complex flowficld in different regions of the cn-
gine, both experimental and computational techniques
arc employed. Several compuler programs have been
developed {1-4] and applicd to gain more insight into
the problem involving the flow in the various sections
of the scramjet module.

‘The combustion of hydrogen and air in the scram-
jet combustor results in absorbing-emitting gases such
as water vapor and hydroxyl radicals. Existence of
such gases makes the study of radiation heat transfer an
important issuc. There are several models available in
the litcrature 10 represent the absorption-emission ¢har-
acteristics of molecular gases [5-10). One- and two-
dimensional radialive hcat transfer equations for vari-
ous llow and combustion rclated problems arc available
{11-19). In earlicr studics [16,18,19], both pscudo-gray
and nongray gas mudels were employed 1o evaluale ra-
diative heat transler for chemically reacting supersonic
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flow. Results of both models were compared and the
pseudo-gray model was found 10 be compulationally
more efficient.

Considerable work has been carried out in the past
decade to model the chemical kinetic mechanism of the
hydrogen-air system. A most complete model would
involve some 60 reaction paths {20}, rendering numeri-
cal solution very difficult, if not impossible. A two-step
chemisuy model, has been used for computing super-
sonic combustion [4, 16, 18, 19]. This model has only
four species and two reaction paths, and is uscful for
preliminary studies. However, there are scveral limita-
tions o this model, such as ignition-phase inaccuracy
(i.e. a much shorter ignition delay) and also, overpre-
diction of flame temperature and longer reaction times,
Recent improvements in this area include a 8-specics,
14-rcaction model [21) and a 9-species, 18-reaction
model (2, 22]. While none of these aforementioned
models account for nilrogen reactions (assuming ni-
trogen as inert), recent developments in this area in-
clude a 15-species, 35-rcaction modcl which accounts
for NO, formation and other nitrogen reactions in the
hydrogen-air system ([22].

The objectives of the present study are 1o extend
the radiative heat transfer formulation used with the
global 1two-step chemistry model [18, 19], 10 the more
complete models namely the 9-species, 18-reaclion
model as well as the 15-species, 35-reaction model.
The effect of radiative heat transfer in both transverse
and streamwise directions is investigated. The finite-
diffcrence mcthod using the explicit, unsplit MacCor-
mack scheme [23] is used to solve the governing equa-
tions.

The flowficld in the combustor is represcnied by
the Navier-Stokes equations and by the appropriate
specics continuity equations [2, 3). Incorporation of
the finite-rate chemisiry models into the fluid dynamic
cquations can create a set of sliff differential equations.
Stiffness is due 10 a disparily in the ime scales of the
governing cquations. In the lime accurate solution, af-
ter the fast ransients have decayed and the solutions
are changing slowly, taking a larger time stcp is more
efficient. But explicit methods stitl require small lime
steps to maintain stability. One way around this prob-
lem is 0 use a fully implicit method. However, this
requires the inversion of a block multi-diagonal system
of algebraic equations, which is also computationally
cxpensive. The use of a semi-implicit icchnique, sug-
gested by several investigators [24-26], provides an
aliernative 10 the above problems. This method treats
the source term (which is the cause of the stiffness)
implicitly, and solves the remaining terms explicitly.

Basic Governing Equations

The physical model for analyzing the flowfield in
a supersonic combustor is described by the Navier-

Stokes and species continuity equations. For two-
dimensional flows, these equalions are expressed in
physical coordinates as,

U AF  aG
T ram ey T =0 (1

where vectors U, F, G and H are wrilten as,
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The viscous stress lensors in the F and G tcrms are
given as,

du v . Ou .
Tex = —A(E + 5;) - lea (22)
du  Ov
= —ul =+ = 2
Try ”(51.' + 6y) (2b)
du v o Qv X
Tyy = —A(g; + E)Tu‘) s Z”% (2L)

where A = — £ . The quantities g, and q., inthe
F and G terms are the componenis of the conduction
heat flux and are expressed as

ar
er = —k—

2
ey = —k%

The molecular viscosity ;0 is cvaluated (rom the
Sutherland’s formula. The total internal cnergy E in
Eq. (2) is given by
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Specific relations are needed for the chemistry and ra-
diative flux terms. These are discussed in the following
sections.

Chemistry and Thermodynamic Model

Chemical reaction rate expressions are usually de-
termined by summing the contributions from each rel-
evant reaction path to obtain the total raie of change
of each species. Each path is governed by a law of
mass action expression in which the rate constants can
be determined from a temperature dependent Arrhenius
expression. The reaction mechanism is expressed in a
general form as

ns , k,. na "
j;.mcj ;—‘_:j;%jcj , &= 1,nr )

where ns = number of species and nr = number of
reactions. The chemistry source terms w; in Eq. (1)
are obtained, on a mass basis, by multiplying the molar
changes and corresponding molecular weight as

& = MG = M, Z (ot = 70) [k,, i c;.-~]

m=

ns "
[— ks, HC:,’.""] , J = l,ns

=1

©6)

The reaction rate constants k¢; and ky; appearing
in Egs. (5) and (6) are determined from an Arrhenius
rale expression as

E;
— Nl
ky, = AT ezp( RT) )
where

ky
ky, = —- 8)

kg,
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The cocftficients A , N and E appearing in Eq. (7)
are given in Table 1. The term An in Eq. (9) denotes
the difference in the number of moles of reactants and
products.

The Gibbs energy lerm in Eq. (9) is calculated as

"
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The gas constant for the mixture is evalualed by
a mass-weighted summation over all specics as

Y fiR; 12
i=1
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Radiation Transfer Model

Evaluation of the energy equation presented in Eq.
(1) requires an appropriate expression for the radiative
flux ierm, qgr . Therefore, a suilable radiative transport
model is necded. Various models are available in the
litcrature (o represent the absorption-emission charac-
teristics of the molccular specics [10). The equations of
radiative Lransport are expressed generally in intcgro-
differential forms. The integration involves both the
frequency spectrum and physical coordinates. In many
realistic three-dimensional physical problems, the com-
plexity of the radiative transport equalions can be re-
duced by introduction of the langent-slab approxima-
tion. This approximation treats the gas layer as a one-
dimensional slab in evaluation of the radiative flux (Fig.
1).

Detailed derivations of radiative flux equations for
gray as well as nongray radiation have been carried out
previously [15, 19]. For a multiband gaseous sysiem,
the nongray radiative flux in the normal direction is
expressed as

qr(y) = e —ez+z 40.{/ [de‘:l'_( )]

Aa[EJ*(y—Z)]dz + (14)

L
+/[de“'( )]. -[f'—'ﬂ(z—y)]d }
1

The information on Lhe band absorptance A; and other
quantitics is available in the cited references.

For a gray medium, the spectral absorption cocf-
ficient x,, is independent of the wave number, and
an expression for the radiative flux is obtained as {5,
16, 19}

v
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It is computationally more efficient 10 use Eq. (15)
in the general energy equation than Eq. (14). This is
because by differentiating Eq. (15) twice (using the
Leibnitz formula) the integrals are eliminated and the
following inhomogenous ordinary differential equation
is obtained :

1 d%gr(y) 9 3 de(y)

" dy? an(y) = R Tdy (16)

The solution of Eq. (16) requires two boundary con-
ditions which are given for non-black diffuse surfaces
as [5]

1 1 1 [dgqr _
(; - 5)[']!?(!/)],:0 - ﬂ[_dy ]yz() =0 (17a)
1 1 1 [dyr _
(Z - 5)[43(!/)],:1, + I [T]y=1, =0 (17b)

For black surfaces ¢; = ¢2 =1 and Egs. (17) reduce
o simpler forms.

An appropriate model for a gray gas absorption
cocfficient is required in Eqs. (15) — (17). This is
represented by the Planck mean absorption coefficient,
which is expressed for a mulli-band system as {5, 19]

P).
oT4(y)

K = Kp =

Y el (D)S(T)  (18)
i=l

It should be noted that ~p is a function of the tem-
perature and the partial pressures P; of the species.

Method of Solution
The governing equations are wransformed from the
physical domain (x , y) to a computational domain (£ ,
1), using an algebraic grid generation technique similar
1o the one used by Smith and Weigel (27]. In the
computational domain, Eq. (1) is expressed as

oU  OF  8G

—_— - H = 19

8t+3€+3q+H 0 (19)
where R R

U = UJ, F = Fy, -Gz,

G=Gzg—Fy, H=HJ (20)

J = zeyy - Yy

Once the temporal discretization has been performed,
the resulting system is spatially dilferenced using
the explicit, unsplit MacCormack predictor-corrector
scheme [23]. This results in a spatially and temporaily
discrete, simultancous system of equalions at each grid
point (25, 26]. Each simultaneous system is solved,
subject o initial and boundary conditions, by using

the Householder technique (28, 29). At the super-
sonic inflow boundary, all flow quantities are speci-
fied as freestream conditions. At the supersonic out-
flow boundary, non-refiective boundary conditions are
used, i.e. all flow quantities are extrapotated from in-
terior grid points. The upper and lower boundaries are
treated as solid walls. This implies a non-slip boundary
condition (i.c. zero velocities). The wall iemperature
and pressure are extrapolated from interior grid points.
Initial conditions are obtained by specifying freestream
conditions throughout the flowfield. The resulting set
of equations is marched in time, until convergence is
achieved. The deuails of the radiative lux formulation
and method of solution are available in [19].

Results and Discussion

Based on the theory and computational procedures
described previously, an algorithm has been developed
10 solve the two-dimensional Navier-Stokes equations
for chemically reacting and radiating supersonic flows.
The extent of radiative heat transfer in supersonic flows
undergoing hydrogen-air chemical reactions, has been
investigated using three chemical kinetics models, ac-
counting for increasing number of reactions and par-
licipating species. For the temperature range consid-
ered in this study, the imporant radiating species afe
OH and H;O. The gray gas formulations arc based
on the Planck mean absorption cocfficient which ac-
counts for the detailed information on different molec-
ular bands. The radiative fluxes have been computed
using this ‘pseudo-gray’ formulation. The justification
for using this model is provided in [19).

The specific problem considered is the supersonic
flow of premixed hydrogen and air (stoichiometric
equivalence ralio ¢ = 1.0) in a channel with a com-
pression comer on the lower boundary (Fig. 2). The
physical dimensions considcred for oblaining results
arc L=2cm., X; = 1cm, X =2cm., Lx = X, +
X2=3cm. ,and o = 10 degrees . The How is ignited
by the shock from the compression comer. The inlet
conditions which arc representative of scramjel oper-
ating conditions, are P,, = 1.0 am., T, = 900 K
and My = 4.0. This same flow has been computed
by several CFD research groups [4, 18, 19, 21] as a
benchmark case.

Figures 3-6 show the computed results using a 31
x 31 grid, for temperature and pressure as well as H;0
and OH spccies mass fractions, varying along x at the
location y = 0.02 cm from the lower wall (boundary
laycr region). Figures 3 and 4 show the iemperature
and pressure profiles predicied by the three chemistry
models. The temperaturcs in the boundary layer show
a gradual increase(Fig. 3). The pressure profiles are
plotied at y = 0.13 cm. (inviscid region) and show a
sharp increase due to the shock (Fig. 4). The ignition-
phasc inaccuracics of the three chemistry models can



be seen in Figs. S and 6. The shock is occurring afier

x / Lx = 0.3. However, the 2-step model predicts
ignition before the shock (shorter ignition delay) due
to the high wemperature in the boundary layer. On the
other hand, the 18-step model predicis a longer ignition
delay, at x / Lx = 0.37 (Fig. 5). The 35-step model's
prediction of ignition delay appears to be an average of
the other two models. Although the three models do not
differ much in prediction of temperature and pressure
profiles, they do differ significantly in predictions of
species productions (Figs. 5, 6).

In order to resolve this discrepancy, a grid sen-
sitivity study was carried out to examine whether the
grid size affects the flow predictions. The results of
three grid distributions 11 x 31, 31 x 31 and 61 x
31 are shown in Fig. 7, and it appears that the 31 x
31 grid is sufficient for the present study.

The reason for the varying predictions of species
production by the three models was further examined
and the results are shown in Figs. 8 and 9. Figure 8
shows that the Reaction No. 8 in Table 1 is critical
in determining the extent of chemical heal relcase and

H,O production. Reaction No. 8 deals wilh produc-

tion of HO; radical, This reaction is absent from the
2-step model, while it is common o0 both the 18-step
and 35-step models. Figure 8 shows that the 35-siep
model experiences nearly a 30% drop in temperature
at the channel exit, when the rate of Reaction No. 8
is reduced by a factor of 1000 (effeclively cutling off
the production of the HOy radical). In contrast, the
18-stcp model shows a 15% drop in temperature, when
subjecied w the same reduction in rale of Reaction No.
8. This shows that the Rcaction No. 8 controls the
overall H;O production occurring in Reaction Nos,
9-18 (Table 1). Due to the high temperatures ( ~ 3000
K) in the flowfield, there is a pool of highly reactive
free radicals like H , O, etic. The HQ,; radical is
converled 1o the very reactive OH radical, by the free
radicals (Reaction Nos. 11 and 12). This establishes
the HO, radical as a very important species in pro-
moting flame propagation in hydrogen-air Hames. A
similar study has been carried out in [30). Since the
2-siep model does not have the HO, radical, it pre-
dicis lesser amounts of OH and H,0.

It was necessary to detcrmine the reason for the
higher sensitivity of the 35-step model to the HO, rad-
ical, as compared 10 the 18-stcp model. Figure 9 shows
that the Reaction Nos. 21 and 23 in Table 1 are critical
in determining the extent of chemical heat release and
H,0 production. Reaction Nos. 21 and 23 deal with
production of the NO radical. Thesc rcaclions are
abscnt from the 2-step and 18-step models, whereas
they play an important role in the 35-step model. Fig-
urc 9 shows that the 35-step model undergoes a 30%
reduction in lecmperature, when the rates of Reaction
Nos. 21 and 23 are reduced by a factor of 1000 (ef-

fectively cutting off the production of the NQO radical).
This is nearly the same reduction caused by reducing
the rate of Reaction No. 8 by a facwr of 1000. Due
o the high temperatures in the flowfield, the usually
inert nitrogen dissociates into the highly reactive N
free radical. This free radical N is then oxidized in
Reaction Nos. 21 and 23, thereby producing the NO
radical. This NO radical converts the HQ; radical
into the highly reactive OH radical, through Reaction
No. 29. This confirms that the NO radical is a very
important species for flame propagation in a hydrogen-
fueled supersonic combustor. Since the 35-step model
has the NO radical, it predicts higher amounts of OH
and H;O than the 18-siep model.

Bascd on the above understanding of the chemi-
cal kinelics of supersonic hydrogen-air flames, the ra-
diative interactions were cxamined. Figure 10 shows
the profiles of the normalized streamwise radiative flux
Qra predicted by the three chemistry modcls, along
the location y = 0.02 cm. from the lower wall. The
qrx flux reduces towards the end of the channel due
10 canccllation of fluxes in positive and negalive direc-
tions. It is seen from Fig. 10 that the¢ 18-stcp and
35-step modcls predict significandy higher amounts
(50% more and 100% more , respectively) of qgr, than
the 2-stcp model. This is because radiative heat ran-
fer is a strong function of temperalure, pressure and
species concentrations. So the larger values of radiative
fluxes are caused by higher amounts of H,( concen-
trations, which in turn, depend on reactions involving

HO; and NO species.

Figurc 11 shows the variations of the normal ra-
diative flux qg, along x , at the location y =0.02 cm.
These do not appear to vary significantly between the
three chemistry modcls. However, in all three cases,
the qu, value increases rapidly afier the shock.

Figures 12-15 show the compuled results for re-
acting flows with and without radiation, for the three
chemistry models. It is seen that the 2-stcp model
shows only slight effect of radiative inleraction, as
compared to the 18-sicp and 35-step models. The
18-step and 35-stcp modcls predict lower tempera-
ture and lower H,O and OH concentrations aficr the
shock. This is because of the g, flux, which reduces
the total energy. Comparison of results in Figs. 12-15
shows that the 35-siep model exhibits stronger cffcct
of radiative intcractions, than the other two models.

For rcacling flows without radiation, it was scen
from Figs. S and 6 that the 18-step modcl had a longer
ignition delay (ignition at x / Lx = 0.37), while the
35-step model had a shorter ignition delay (ignition at
x / Lx =0.27). Another effect of radiative intcractions,
seen in Fig. 14, is to nullify this difference in predic-
lions of ignition dclay. For both 18-sicp and 35-step
maodels, with radiation, the ignition is seen 10 occur at



the same point, x / Lx = 0.33. No such effect is seen
on the ignition characteristics of the 2-step model.

Conclusions

The two-dimensional, spatially elliptic Navier-
Stokes equations have been used 0 obtain solutions
for supersonic flows undergoing finite-rate chemical
reactions along with radiative interactions. The spe-
cific problem considered is of the premixed flow in a
channel with a ten-degree compression ramp. The in-
let conditions used in the present sudy correspond o
typical flow conditions of a scramjet engine. Three
different chemistry models were used for parameltric
studies, accounting for increasing number of reactions
and participating species. It is seen that the radiative in-
leractions vary significanily, depending particularly on
chemical reaclions involving HO, and NO  species.
These reactions have a substantial effect on the flow-
field, with regard to H,O concentration , tcmperature
and pressure. Also, it is observed that the difference
in the ignition delays of two chemistry models invov-
g HQ, reactions is nullificd as a result of radiative
intcraction, The results also show that the sircamwise
radiative flux reduces the lemperature and concentra-
tion of species. This effect is a strong function of the
amount of H,0O species concentration.
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Table ). Hydrogen-Air Combustion Mechanism (22)
REACTION A(moles) N(cm?)  B(calorics/gm-molc)
**  following reactions constitute the 18-siep model  **
(1) O+ H; «+OH+OH 1.70 x 10"} 0 48150
2) O+ HaO0OH+O 1.42 x 10" ¢ 16400
(3) H;+OH e+ HO+ H 3.16 x 107 1.8 3030
@) H+ 0O O0OH+H 2.07 x 10" 0 13750
(5) OH+OH++H;0+0 5.50 x 101 0 7000
6 H+OH+ Mo H0O+ M 2.2) x 107 —20 0
(M H+H+MeH;+ M 6.53 x 10" —10 0
8 H+0;+Mes HO; + M 3202 108 —10 0
9) OH + HO; & O + H;O 5.00 x 10" 0 1000
(10) H+ HOz 63 Hy + O 253 x 10" 0 700
(11) H+ HO; «» OH + OH 199 x 10" 0 1800
(12) O + HO; +» Op + OH 5.00 x 10" 0 1000
(13) HORHO, » O + H1O, 1.99 x 10" 1] 0
(14) Hy » HOz ¢+ H + ;04 3.01 x 10" 0 18700
(15) OH + H;0; & H0 + HO, 1.02 x 10" 0o 1900
(16) H + H;0p & H;0 + OH $.00 x 10 o 10000
(17) O+ H;0p «» OH + HO 1.99 x 10" 0 5900
(18) H;O; + M - OH+ OH + M 1.21 x 107 0 45500
** remaining reactions complete the 35-siep model  **

(19) O3+ M 0+0+M 275 x 10" —10 118700
(200 N+ Mes N+ N+ M 3.70 x 10V —16 225000
(21) N+ 03 « 0+ NO 6.40 x 10’ 10 6300
(22) N+ NO= O+N; 1.60 x 10" 0 0
(23) N+OH «+ H+ NO 6.30 x 10" 0.s 0
(29) H+NO+M e HNO + M 5.40 x 10" 0 —600
(25) H + HNO «» Hy + NO 480 x 101 0 0
(26) O + HNO « OH + NO 5.00 x 10" 05 o
(27) OH + HNO «» H;0 + NO 360 x 10" (4] 0
(28) HO; + HNO «» 11;0; + NO 200 x 10" 0 0
(29) HO; + NO ¢+ OH + NO, 343 x 10" 0 —260
(30) H + NO; «+ OH + NO 3.50 x 10" 0 1500
(31) O+ NO; ¢+ O; + NO 1.00 x 10" 0 600
(32) N+ M O+NO+M 1.16 x 10'¢ o 66000
(33) M+ OH + NO « HNO; + M $.60 x 10'* 0 —1700
(39) M+ OH+NO; «+ HNOy + M 3.00 x 10" (4} —3800
(35) OH + HNO; & H;0 + NO, 1.60 x 1012 ] (1]

i following reactions constitute the global 2-step model [4, 16, 18, 19] ¢
(") H + 026 20H 11.4 x 10V —100 4865
(2) 20H + H; » 2 H0 2.50 x 10™ —130 42500
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